1. Introduction {#sec1}
===============

*Morus alba*, known as mulberry, has been widely used in traditional medicine in Asia. In Korea and Japan, mulberry leaves are used as an antihyperglycemic food supplement for diabetic patients.[@bib1] In Chinese medicine, *M. alba* has long been used to treat fever, protect the liver, improve eyesight, facilitate discharge of urine, lower blood pressure and prevent cardiovascular disease.[@bib2]^,^[@bib3] For arthritis used, decoction of *M. alba* twig (called Sang zhi) has been for the treatment of rheumatic and arthritic edema and pain.[@bib4] In Guangdong, *M. alba* twig and older stem have been used to benefit the joints.[@bib5]

Osteoarthritis (OA) is a slowly progressive degenerative joint disease occurring worldwide, most frequently in the elderly. Inflammation plays an important role in the progression of OA.[@bib6] Chondrocytes, the cells found in articular cartilage, are known to proliferate and secrete the extracellular matrix components which consist mainly of collagens and proteoglycans in order to maintain articular cartilage. The balance between the synthesis and degradation of matrix components changes when the chondrocytes are activated by many factors including aging, gender, obesity and joint injury.[@bib7] Chondrocytes respond to mechanical injury and biochemical stresses by overexpressing inflammatory mediators such as IL-1β, tumor necrosis factor (TNF)-α, and matrix degrading enzymes including the matrix metalloproteinases (MMPs).[@bib8] IL-1β and TNF-α play important roles in the initiation and the development of OA by modifying extracellular matrix turnover, accelerating the degradation of cartilage and inducing chondrocyte apoptosis.[@bib9] In addition, both cytokines can induce chondrocytes to produce the inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) which continue to produce nitric oxide (NO) and prostaglandin (PG), especially PGE~2~.[@bib10] Moreover, IL-1β and TNF-α induce chondrocytes to express the MMPs which can degrade all components of the extracellular matrix causing the loss of tensile properties in cartilage. MMP-13 is a major enzyme responsible for the cartilage degradation. It is the predominant collagenase for cleaving type II collagen which is the major component in human articular cartilage and also degrading aggrecan.[@bib11]

As state above, *M. alba* has been widely used in traditional medicine for the treatment of rheumatic and arthritic edema and pain. However, neither MSE nor its component (i.e. oxyresveratrol) has been investigated for their effects in human articular chondrocytes. Thus, this study was aimed to investigate the effects of MSE on anti-inflammatory responses through the suppression of NO and PGE~2~ in LPS-stimulated RAW 264.7 cells and the suppression of PGE~2~ and COX-2 in IL-1β-stimulated C28/I2 human chondrocyte cell line, a model for osteoarthritis. Oxyresveratrol which was found at the highest amount in the stem compared to twig and leaf[@bib12] was also investigated in the same manner. Chondroprotective effects of both compounds were also determined through the inhibition of MMP-13.

2. Materials and methods {#sec2}
========================

2.1. Plant material {#sec2.1}
-------------------

The stems of *M. alba* variety namely Burirum 60 were obtained from Queen Sirikit Sericulture Center (Tak, Thailand) and identified by Dr. Pranee Nangngam. A voucher specimen of the plant has been deposited at the Faculty of Science, Naresuan University (Voucher Specimen No. 004067).

2.2. Preparation of the MSE {#sec2.2}
---------------------------

The MSE extraction method was modified from Soonthornsit et al.[@bib13] Briefly, the bark of *M. alba* stems was removed. The inner wood was chopped and dried. Then it was macerated in 80% v/v ethanolic solution for 24 h at room temperature. The maceration process was repeated once more for a total of two cycles. After filtration, the filtrates were pooled, evaporated by a rotary evaporator (R-210, Buchi, Flawil, Switzerland) and continued drying on a water bath (M25, Lauda-Brinkmann, Lauda-Königshofen, Germany). The dried crude extract was stored in an airtight and light-protected container until used. The percentage yield was calculated using the following equation.

2.3. High performance liquid chromatography (HPLC) analysis of oxyresveratrol in MSE {#sec2.3}
------------------------------------------------------------------------------------

Standard oxyresveratrol was purchased from Sigma-Aldrich (Saint Louis, Missouri, USA). The content of oxyresveratrol was analyzed by HPLC and the method modified from Yhirayha and Pitaksuteepong.[@bib14] The HPLC system consisted of a UV--Vis detector (SPD-10A, Shimadzu, Kyoto, Japan), an auto sampler (UFLC, Shimadzu, Kyoto, Japan), and a column oven (CTO-10 AS VP, Shimadzu, Kyoto, Japan). The HPLC analysis was performed using a C18 boned-silica gel reverse phase column (Gemini, 5 μm, 150 × 4.6 mm, Phenomenax, Torrance, USA). Mobile phase was composed of acetonitrile and 0.0125 M phosphate buffer (1:3 v/v, pH3). The flow rate of the mobile phase was 1 mL/min. The UV detector wavelength and the column temperature were set at 320 nm and 30 °C, respectively. The running time was set at 13 min.

2.4. Cell line and culture condition {#sec2.4}
------------------------------------

The mouse macrophage (RAW 264.7) and immortalized C28/I2 human chondrocyte cell lines were obtained from the American Type Culture Collection (Manassas, Virginia, USA) and Merck Millipore (Temecula, California, USA) and respectively. The cells were cultured in Dulbecco\'s modified Eagles\' medium (DMEM high glucose) supplemented with 10%v/v fetal bovine serum (FBS), 1% [l]{.smallcaps}-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin and maintained at 37^๐^C in a humidified atmosphere of 5% CO~2~. At 80--90% confluence, they were passaged with 0.25% w/v trypsin-EDTA. All cell culture media and supplements listed above were obtained from Invitrogen (Eggenstein, Germany). The human chondrocyte culture protocol was approved by the Naresuan University Institutional Review Board (IRB No. 0669/60).

2.5. Sample preparation {#sec2.5}
-----------------------

*M. alba* stem crude extract was dissolved in pure DMSO (Sigma-Aldrich, Saint Louis, Missouri, USA) to make a stock solution at concentration of 100 mg/mL. The stock solution of oxyresveratrol (Sigma-Aldrich, Saint Louis, Missouri, USA) at concentration of 1 mg/mL was prepared by dissolving oxyresveratrol in 2% v/v DMSO solution. Glucosamine sulfate (Taizhou City Fengrun Biochemical Co., Ltd., Taizhou, China) or diclofenac sodium (Pharmaceutical grade, Suzhou Ausun Chemical Co., Ltd., Zhejiang, China) was used as the positive controls. They were dissolved in water to make stock solutions at concentration of 5 mg/mL. The stock solutions were further diluted with cell culture medium to the required concentrations and filtered through 0.2 μm sterile membrane (GE Healthcare UK Limited, Buckinghamshire, UK) before using in subsequent tests.

2.6. Cell viability assay {#sec2.6}
-------------------------

The effect of MSE and oxyresveratrol on the viability of RAW 264.7 cells and C28/I2 cells were determined by MTT assay. RAW 264.7 cells were seeded into a 96-well microplate at a density of 7 × 10^3^ cells/well. After overnight incubation, they were treated with various concentrations of MSE or oxyresveratrol under serum-free condition for 24 h in a presence of LPS at 5 μg/mL. For the C28/I2 human chondrocyte cell line, the cells were seeded into a 96-well microplate at a density of 4 × 10^3^ cells/well. They were cultured and treated using the same procedure as that performed in RAW 264.7 cells but LPS was replaced by IL-1β at 10 ng/mL. Then, the supernatant was discarded and 100 μL of 0.5 mg/mL MTT reagent (Thermo Scientific™, Eugene, Oregon, USA) was added into each well. The plate was further incubated for 4 h. After that, the supernatant was again discarded and then 100 μL of DMSO was added into each well to dissolve formazan crystals. After 10 min incubation, the absorbance was measured at 570 nm by using a microplate reader (Bio Tek Instruments Inc., Winooski, USA). The viability of untreated cells was defined as 100%. The percentage viability was calculated using the equation below. All experiments were performed in triplicate.Where A~treat~ is the absorbance of the treated wells which consist of the cells treated with a sample, culture medium and MTT reagent, A~background~ is the absorbance of the background control wells which consist of culture medium and MTT reagent, and A~untreat~ is the absorbance of untreated wells which consist of the cells in culture medium and MTT reagent.

In RAW 264.7 cell line, diclofenac, a nonsteroidal anti-inflammatory drug which also widely used to treat pain, swelling and joint stiffness in OA patient, was used as a positive control. For human chondrocyte cell line, diclofenac and glucosamine sulfate, worldwide used dietary supplement for preventing the cartilage degradation, were used as positive controls.

2.7. Anti-inflammatory activity {#sec2.7}
-------------------------------

### 2.7.1. Determination of NO and PGE~2~ production in raw 264.7 cells {#sec2.7.1}

RAW 264.7 cells were seeded into a 6-well microplate at a concentration of 5 × 10^5^ cells/well. The cells were pretreated with MSE, oxyresveratrol, and diclofenac sodium and then they were stimulated with LPS 5 μg/mL. The cell culture supernatant was collected. The PGE~2~ production was measured by using Prostaglandin E~2~ Assay Kit (R&D Systems, Inc., Minneapolis, USA) according to the manufacturer\'s instructions. The PGE~2~ concentrations were calculated from a PGE~2~ standard curve (0--2500 pg/mL) that was created by using a four-parameter logistic (4-PL) curve fitting program in ELISA software version 3.2. The NO production was performed by determining the nitrite concentration using Griess assay. The nitrite concentration was calculated from a sodium nitrite standard curve (0--100 μM). The nitrite or PEG~2~ production of LPS-only-treated cells was regarded as 100%. The results were shown as the percentage of activated control which was calculated using the following equation.

### 2.7.2. Determination of PGE~2~ production in C28/I2 chondrocytes {#sec2.7.2}

The C28/I2 cells were seeded into a 6-well microplate at a density of 1 × 10^6^ cells/well. After overnight incubation, the cells were pretreated with the MSE, oxyresveratrol, glucosamine sulfate, and diclofenac sodium for 2 h. After that, the cells were stimulated with 10 ng/mL IL-1β for 22 h. Then, the cell supernatants were collected and the PGE~2~ concentration was measured by using a PGE~2~ Assay Kit. The PEG~2~ production of IL-1β-only-treated cells was regarded as 100% and the results were shown as the percentage of activated control as described above.

### 2.7.3. Determination of COX-2 protein expression {#sec2.7.3}

The C28/I2 cells were seeded into a 6-well microplate at a density of 2 × 10^6^ cells/well. After overnight incubation, the medium in each well was discarded and then the cells were pretreated with MSE, oxyresveratrol, glucosamine sulfate, and diclofenac sodium in DMEM without serum. After 2 h incubation period, the cells were stimulated by 10 ng/mL IL-1β for 22 h. The cells were then rinsed twice with 1 mL cold phosphate buffered saline (PBS). Next, the cells were lysed in a lysis buffer consisting of 10 mM Tris-HCl, pH 7.4 (EMD Chemicals Inc., Darmstadt, Germany), 100 mM NaCl (Ajax Finechem Pty Ltd, Auckland, New Zealand), 1 mM EDTA (Sigma-Aldrich, Saint Louis, Missouri, USA), 1% Triton X-100 (Amresco®, Massachusetts, USA), 0.1% Sodium dodecyl sulfate (SDS; Ajax Finechem Pty Ltd, Auckland, New Zealand) and 1% protease inhibitor cocktail (Sigma-Aldrich, Saint Louis, Missouri, USA). After 20 min incubation period on ice, the mixtures were centrifuged at 10,000 rpm, 4 ^๐^C for 10 min and then the supernatant was collected. Total protein concentrations were determined by using a BCA protein assay kit (Thermo Scientific™, Rockford, Illinois, USA) according to manufacturer\'s instructions. The cell lysates were mixed with tracking blue dye and then boiled at 90 ^๐^C for 5 min. After that, the 20 μg of total protein was loaded into each lane of 12% SDS-polyacrylamide gel (PAGE) inside electrophoresis chamber. Next, the proteins were transferred to polyvinylidene fluoride (PVDF) membranes (Merck Millipore, Darmstadt, Germany). The membranes were blocked with 5% skimmed milk solution (HiMedia Laboratories Pvt. Ltd., Mumbai, India) at 4 ^๐^C overnight and then incubated with COX-2 mouse monoclonal antibody (Santa Cruz Biotechnology, Inc., CA, USA) at a dilution of 1:500 in 5% skimmed milk solution for 1 h at room temperature. Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) mouse monoclonal antibody (Merck Millipore, Darmstadt, Germany) at a dilution of 1:1000 in 5% skimmed milk solution was used as a loading control for western blot. The membranes were washed 3 times with 0.05% Tween 20 in PBS and then incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Merck Millipore, Temecula, California) diluted 1:10,000 in 5% skimmed milk solution for 1 h at room temperature. After that, membranes were again washed 3 times and incubated with Luminata Forte Western HRP substrate (Merck Millipore, Darmstadt, Germany) for 30 s. Protein bands were performed on scanned immunoblot images with ChemiDoc™ XRS + using Image Lab™ Software version 6.0 (Bio-Rad Laboratories, Inc., California, USA).

2.8. Chondroprotective activity through the determination of MMP-13 production {#sec2.8}
------------------------------------------------------------------------------

The C28/I2 cells were seeded into a 6-well microplate at a density of 2 × 10^6^ cells/well. After overnight incubation, the cells were pretreated with MSE, oxyresveratrol, glucosamine sulfate, and diclofenac sodium for 2 h and then stimulated with 10 ng/mL IL-1β for 22 h. Then, the cell supernatants were collected and the MMP-13 concentration was measured by using a Human MMP-13 ELISA Kit (Thermo Scientific™, Rockford, Illinois, USA) according to the manufacturer\'s instructions. Again, the MMP-13 concentrations were calculated from a MMP-13 standard curve (0--6000 pg/mL) that was created by using a four-parameter logistic (4-PL) curve fitting program in ELISA software version 3.2. The MMP-13 production of IL-1β-only-treated cells was regarded as 100% and the results were shown as the percentage of activated control as described above.

2.9. Statistical analysis {#sec2.9}
-------------------------

All data are presented as mean ± standard deviation (S.D.) of three experiments. Statistical comparisons were performed by one-way analysis of variance (ANOVA), followed by Tukey\'s test (SPSS Statistics version 16.0). The *p* value less than 0.05 was considered a significant difference between groups.

3. Results {#sec3}
==========

3.1. Appearance, percentage yield and amount of oxyresveratrol {#sec3.1}
--------------------------------------------------------------

The MSE extract was dark brown color and the percentage yield was 4.08%. Oxyresveratrol, 2,3′,4,5′-tetrahydroxy-trans-stilbene is a bioactive compound found in nearly all parts of *M. alba* tree, especially in stem.[@bib12] In this study, the analysis of oxyresveratrol in MSE was carried out by HPLC and the result was shown to be 15.06 ± 0.36%.

3.2. Effect of MSE and oxyresveratrol on cell viability {#sec3.2}
-------------------------------------------------------

The effect of MSE and oxyresveratrol on the viability of RAW 264.7 macrophage cells and C28/I2 human chondrocyte cell line were determined by using MTT assay. In this study, the concentrations of samples that presented the cell viability higher than 80% were considered non-cytotoxic and subjected to further studies.

For the RAW 264.7 cells, it was observed that cell viability decreased with increasing concentration of MSE ([Fig. 1](#fig1){ref-type="fig"}A). MSE at concentrations ranging of 10--60 μg/mL showed the cell viability higher than 80%. Oxyresveratrol at the equivalent amount found in MSE 10, 50 and 100 μg/mL (i.e., 1.5, 7.5 and 15 μg/mL, respectively) was determined for cell viability. Its concentrations up to 7.5 μg/mL was considered non-cytotoxic. Diclofenac sodium, a positive control, at a concentration of 1 μg/mL showed the cell viability higher than 80%. As a result, MSE at concentration 5, 25 and 50 μg/mL as well as oxyresveratrol 0.75 and 7.5 μg/mL (the equivalent amount found in MSE 5 and 50 μg/mL, respectively) were chosen for further studies in the RAW 264.7 cells.Fig. 1Effects of *M. alba* stem extract (MSE), oxyresveratrol (OXY), glucosamine sulfate (GS) and diclofenac sodium (DCS) on the viability of RAW 264.7 cell line (A) C28/I2 human chondrocyte cell line (B). The cells were incubated for 24 h and the cell viability was determined using MTT assay. The data are expressed as mean ± S.D. of three independent experiments.Fig. 1

The effects of MSE and oxyresveratrol on the viability of C28/I2 chondrocyte cell line were shown in [Fig. 1](#fig1){ref-type="fig"}B. MSE at concentrations between 10 and 100 μg/mL yielded the cell viability higher than 80%. The results were in agreement with the cell morphology ([Fig. 2](#fig2){ref-type="fig"}). The morphology of cells which were treated with MSE at concentrations of 10--100 μg/mL were similar to that of the untreated cells and the cells treated with IL-1β ([Fig. 2](#fig2){ref-type="fig"}A--C). However, when the cells were incubated with MSE at 150 μg/mL, their morphology changed to round shape ([Fig. 2](#fig2){ref-type="fig"}, D). Oxyresveratrol at concentrations of 1.5, 7.5 and 15 μg/mL (equivalent amount found in MSE 10, 50 and 100 μg/mL, respectively) yielded percentage cell viability higher than 80%. In addition, the cell morphology did not change compared to untreated cells and the cells treated with IL-1β. Therefore, MSE at concentrations of 5, 25, 50 and 100 μg/mL as well as oxyresveratrol at concentrations of 0.75 and 15 μg/mL (the equivalent amount found in MSE 5 and 100 μg/mL) were chosen for further investigations.Fig. 2Example photographs of the C28/I2 human chondrocyte cell line in the cell viability test when the cells were untreated (A) and treated with IL-1β 10 ng/mL (B), IL-1β 10 ng/mL + MSE 100 μg/mL (C), and IL-1β 10 ng/mL + MSE 150 μg/mL (D) for 24 h (magnification × 100).Fig. 2

Glucosamine was included as one of the positive controls in this study because it was widely consumed as a dietary supplement to prevent or slow down the degeneration of joint cartilage which caused OA pain. Diclofenac, a NSAIDs which most often used in OA, was also included as a positive control. Both glucosamine and diclofenac at concentrations between 1 and 50 μg/mL were considered non-cytotoxic ([Fig. 1](#fig1){ref-type="fig"}B) and their concentration of 10 μg/mL was selected for further studies.

3.3. Anti-inflammatory activity of MSE and oxyresveratrol {#sec3.3}
---------------------------------------------------------

### 3.3.1. Suppression of NO production in raw 264.7 cells {#sec3.3.1}

[Fig. 3](#fig3){ref-type="fig"}A shows the effect of MSE and oxyresveratrol on NO production in RAW 264.7 macrophages. The MSE at 5 μg/mL could significantly inhibited NO production compared to that produced in LPS-induced RAW 264.7 cells. However, an increased concentration of MSE to 25 and 50 μg/mL has a slight effect on the percentage inhibition of NO. The same trends were observed in oxyresveratrol at concentrations of 0.75 and 7.5 μg/mL.Fig. 3Effects of *M. alba* stem extract (MSE) and oxyresveratrol (OXY) on NO (A) and PGE~2~ (B) production in LPS-induced RAW 264.7 cells. Diclofenac sodium (DCS) 1 μg/mL was used as a positive control. The cells were untreated (Bar 1), only stimulated with LPS 5 μg/mL (Bar 2) and pretreated with various concentrations of MSE and OXY for 2 h and then stimulated by 5 μg/mL LPS for 22 h. Levels of NO and PGE~2~ in cell culture supernatant were quantified by Griess assay and ELISA, respectively. The data are expressed as mean ± S.D. of three independent experiments. \**p* \< 0.05 and \*\**p* \< 0.01 compared to the LPS-stimulated cells.Fig. 3

### 3.3.2. Suppression of PGE~2~ production in raw 264.7 cells {#sec3.3.2}

For the suppression of PGE~2~ production in LPS-induced RAW 264.7 cells, MSE in the concentration range of 5--50 μg/mL significantly inhibited the PGE~2~ production from 11 to 82% in a concentration-dependent manner ([Fig. 3](#fig3){ref-type="fig"}B). Oxyresveratrol could suppress PGE~2~ production but only at concentration of 7.5 μg/mL and percentage inhibition was about 55%. Diclofenac, a positive control, could completely inhibit PGE~2~ production ([Fig. 3](#fig3){ref-type="fig"}B).

### *3.3.3*. *Suppression of PGE*~2~*and COX-2 production in C28/I2 human chondrocyte cell line* {#sec3.3.3}

The investigations on anti-inflammatory properties of MSE and oxyresveratrol were further performed through the inhibition of PGE~2~ production and COX-2 enzyme activity in a human chondrocyte cell line. COX-2 is an inducible enzyme which is overexpressed locally at the site of inflammation. COX-2 converts arachidonic acid into PGH~2~ which is a precursor for the biosynthesis of PGs, especially PGE~2~.[@bib15] PGE~2~ is the inflammatory mediator that induces pain and joint swelling.[@bib16]

In this study, glucosamine sulfate and diclofenac were selected as positive controls. As state above, glucosamine sulfate is widely consumed as a dietary supplement in many countries including Thailand to prevent or slow down the degeneration of joint cartilage. It was reported to inhibit PGE~2~ production via the inhibition of COX-2, which was responsible for the synthesis of PGH~2~ from arachidonic and microsomal PGE synthase (mPGES)-1, which was responsible for the conversion of PGH~2~ to PGE~2~.[@bib17] Diclofenac is an intermediate COX-2 selectivity and is most often used in OA. It was reported to inhibit PGE~2~ production via the suppression of IL-1α and IL-1β.[@bib18]^,^[@bib19]

The PGE~2~ production in the C28/I2 chondrocyte cell line was determined by ELISA assay. MSE at 5 μg/mL significantly inhibited the PGE~2~ production by 44% compared to activated cells (i.e. IL-1β stimulated cells) (*p* \< 0.01) ([Fig. 4](#fig4){ref-type="fig"}A). An increased concentration of MSE to 25 μg/mL, the PGE~2~ production was further suppressed by 83%. Interestingly, beyond this concentration, MSE could bring the PGE~2~ production down to the similar level as the untreated cells. However, the percentage inhibition of PGE~2~ by MSE at the concentrations beyond 25 μg/mL was not different.Fig. 4Effects of *M. alba* stem extract (MSE), oxyresveratrol (OXY), glucosamine sulfate (GS) and diclofenac sodium (DCS) on IL-1β-induced PGE~2~ production (A) and COX-2 protein expression (B) in the C28/I2 human chondrocyte cell line. The cells were untreated (Bar 1), only stimulated with IL-1β 10 ng/mL (Bar 2) and pretreated with various concentrations of MSE and OXY as well as GS 10 μg/mL and DCS 10 μg/mL for 2 h and then stimulated by 10 ng/mL IL-1β for 22 h. The cell culture supernatant was collected and determined the PGE~2~ production by using ELISA kit. The concentration of PGE~2~ was normalized to the activated control. The expression of COX-2 (72 kDa) was determined by western blotting analysis and GAPDH protein (38 kDa) was used as a loading control. The data are expressed as mean ± S.D. of three independent experiments. \*\**p* \< 0.01 compared to the IL-1β-stimulated cells.Fig. 4

Similar trend was observed in oxyresveratrol. Oxyresveratrol at 0.75 μg/mL could reduce PGE~2~ production by 50% while PGE~2~ production was almost completely inhibited at a concentration of 15 μg/mL. Both glucosamine sulfate and diclofenac (the positive controls), were shown to inhibit PGE~2~ production confirming the validity of this assay.

The effects of MSE on IL-1β-induced the expression levels of COX-2 protein were investigated by using western blotting analysis. It was found that MSE within the concentration range of 5--100 μg/mL significantly decreased the protein expression level of COX-2 enzyme in a concentration-dependent manner ([Fig. 4](#fig4){ref-type="fig"}B). MSE at 5 μg/mL significantly inhibited the COX-2 production by 17% compared to IL-1β activated cells (*p* \< 0.01) ([Fig. 4](#fig4){ref-type="fig"}B). An increased concentration of MSE to 25 and 50 μg/mL, the COX-2 production was further suppressed by 37% and 54%. The inhibitory effect of MSE on COX-2 was seemed to be saturated at concentration of 50 μg/mL.

Oxyresveratrol also showed the similar but milder trend in the inhibition of COX-2 as MSE. Oxyresveratrol at 0.75 and 15 μg/mL significantly decreased the protein expression level of COX-2 enzyme by 10 and 40%, respectively. Again, both glucosamine and diclofenac (the positive controls), were shown to inhibit the COX-2 protein expression confirming the validity of this assay.

3.4. Chondroprotective activity of MSE and oxyresveratrol {#sec3.4}
---------------------------------------------------------

Chondroprotective activity of MSE and oxyresveratrol was investigated through the suppression of MMP-13 production. The inhibition of MMP-13 production by MSE was similar to that of COX-2. MSE at concentrations of 5--100 μg/mL significantly inhibited the production of MMP-13 in IL-1β-activated human chondrocyte cell line in a concentration-dependent manner ([Fig. 5](#fig5){ref-type="fig"}). MSE at 5 μg/mL significantly inhibited the MMP-13 production by 14% compared to IL-1β activated cells (*p* \< 0.05) ([Fig. 5](#fig5){ref-type="fig"}). An increased concentration of MSE to 25 and 50 μg/mL, the MMP-13 production was further suppressed by 26% and 52%. Again, the inhibitory effect of MSE on MMP-13 was seemed to be saturated at concentration of 50 μg/mL.Fig. 5Effects of *M. alba* stem extract (MSE), oxyresveratrol (OXY), glucosamine sulfate (GS) and diclofenac sodium (DCS) on IL-1β-induced MMP-13 production in the C28/I2 human chondrocyte cell line. The cells were untreated (Bar 1), only stimulated with IL-1β 10 ng/mL (Bar 2) and pretreated with MSE, OXY, GS and DCS for 2 h and then stimulated by IL-1β 10 ng/mL for 22 h. The cell culture supernatant was collected and determined by ELISA. The concentration of MMP-13 was normalized to the activated control. The data are expressed as mean ± S.D. of three independent experiments. \**p* \< 0.05 and \*\**p* \< 0.01 compared to the IL-1β-stimulated cells.Fig. 5

Oxyresveratrol at concentrations of 0.75 and 15 μg/mL (i.e. equivalent to the amount found in MSE 5 and 100 μg/mL) significantly inhibited the production of MMP-13 by 16% (*p* \< 0.01) and 56% (*p* \< 0.01) compared to IL-1β activated cells.

Glucosamine sulfate and diclofenac sodium were included as positive controls. Both compounds at 10 μg/mL significantly inhibited the MMP-13 production.

4. Discussion {#sec4}
=============

OA is a non-inflammatory disease, however inflammation plays an important role in the progression of OA.[@bib6] Pro-inflammatory cytokines such as IL-1β and TNF-α activate chondrocytes to express iNOS and COX-2 which continue to produce NO and PGE~2~ leading to suppress matrix synthesis, activate chondrocyte apoptosis and induce joint swelling and pain.[@bib16]^,^[@bib20]

MSE and oxyresveratrol have been previously reported to have the anti-inflammatory activity through the inhibition of pro-inflammatory mediators and cytokines production and their transcription majorly involved in NF-kB pathway.[@bib21], [@bib22], [@bib23], [@bib24], [@bib25] NF-kB is a dimeric protein complex which is an inactive state by combining with the inhibitory kappa B (IkB) protein in cytoplasm of resting cells. When a variety of extracellular stimuli including IL-1β, TNF-α and LPS lead to activate IkB degradation, NF-kB dimers can translocate to the nucleus and then further induces gene expression such as iNOS and COX-2 resulting in NO and PGs production, especially PGE~2~.[@bib26] Therefore, in this study the anti-inflammatory activities of MSE and oxyresveratrol were evaluated through the inhibition of NO, PGE~2~ and COX-2.

In response to the activation of LPS and proinflammatory cytokines such as IL-1β and TNF-α, both macrophages and chondrocytes overproduce inflammatory mediators such as NO and PGE~2~ through the expression of iNOS and COX-2. These chemical mediators play a major role in progression of OA.[@bib10]^,^[@bib27]^,^[@bib28]

In this study, NO and PGE~2~ production was investigated because they play a crucial role in inflammation. In addition, both mediators have been used in many studies to determine anti-inflammatory effects. In RAW 264.7 macrophage cell model, LPS, a component of the outer membrane of gram-negative bacteria, was used to stimulate macrophage to produce these inflammatory mediators. The results found that both MSE and oxyresveratrol could inhibit NO production in LPS-stimulated RAW 264.7 macrophages. This results correlate with our previous study showing that MSE and oxyresveratrol were able suppress iNOS mRNA and protein expression in RAW 264.7 macrophages.[@bib13] In addition, this study showed that both MSE (5--50 μg/mL) and oxyresveratrol (7.5 μg/mL) could inhibit PGE~2~ production in LPS-induced RAW 264.7 macrophages.

Further investigations on the anti-inflammatory activities of MSE and oxyresveratrol were performed in C28/I2 chondrocyte cell line through the suppression of PGE~2~ and COX-2. For chondrocyte cell line, IL-1β, one of major pro-inflammatory cytokines involved in the pathogenesis of OA, was used to stimulate inflammation process. In the present study, MSE and oxyresveratrol were clearly shown to inhibit the production of PGE~2~ via the inhibition of COX-2 protein expression, indicating the ability to relieve pain. This observations may explain the mechanism of anti-nociceptive effect of MSE in our previous study using the anterior cruciate ligament transection (ACLT)-induced rat model of OA.[@bib29]

MSE seemed to be more potent to suppress PGE~2~ production and COX-2 protein expression better than its bioactive compound, oxyresveratrol in both RAW 264.7 cells and human chondrocytes. These results suggested that the other phenolic compounds found in MSE including stilbenoids (mulberroside A and resveratrol) and flavonoids (moracin M, dihydromorin and steppogenin)[@bib30] may contribute to the anti-inflammatory effects. Mulberroside A and resveratrol, belonging to stilbenoid have been reported to inhibit NO production through suppressing iNOS protein expression[@bib31] and to suppress COX-2 expression via inhibition of NF-kB pathway.[@bib32] Moreover, Moracin M and steppogenin, flavonoids, were reported to decrease the production of proinflammatory cytokines (i.e. IL-1β, TNF-α, and IL-6), to suppress the production of NO, PGE~2~ and COX-2.[@bib33]^,^[@bib34] In addition, Shen et al.[@bib9] reported that dietary polyphenols including stilbenoids and flavonoids have the potential effects on progression of OA. Anti-inflammatory activity of dietary polyphenols is reported that it is one of possible mechanisms to manage OA.[@bib9]

In our parallel study, the contents of total phenolic and total flavonoid compounds in MSE were determined by Folin-Ciocalteu reagent and aluminium chloride colorimetric method. It was found that the total phenolic and total flavonoid contents in the extract were 203.35 ± 7.10 μg GA/mg extract and 11.63 ± 1.64 μg QUE/mg extract, respectively.[@bib35]

Apart from anti-inflammatory activities, the present study also investigated chondroprotective activity of MSE and oxyresveratrol through the inhibition of MMP-13 production. MMP-13 (also known as collagenase-3) is the distinctive collagenase expressed in chondrocytes and it is upregulated in inflammation condition.[@bib36] MMP-13 plays an important role in the early stages of OA. It specially cleaves type II collagen, a major component of extracellular matrix in human articular cartilage, than other collagenases.[@bib11] Therefore, MMP-13 was a degenerative enzyme used as an indicator to evaluate cartilage degradation in this study.

The present study is the first to demonstrate the inhibitory effect of MSE and oxyresveratrol on the production of MMP-13 in human chondrocytes. Interestingly, the inhibitory activity of MSE and oxyresveratrol (at the equivalent amount found in MSE) on MMP-13 production did not significantly different. These results suggest that oxyresveratrol is the major compound giving contribution to this effect. The mechanism of oxyresveratrol to inhibit MMP-13 does not known. However, resveratrol, a hydroxyl-substituted stilbene compound similar chemical structure to oxyresveratrol has been reported to have cartilage protective effect in chondrocytes through the suppress MMP-13 expression via NF-kB, JNK and AP-1 signaling pathways.[@bib37] Oxyresveratrol was previously reported to suppress NF-kB and MAPK signaling pathways by inhibiting phosphorylation of IkB-α, NF-kB translocation to nucleus and phosphorylation of JNK and p38.[@bib25] These pathways may be possible mechanisms link to the MMP-13 inhibition of MSE and oxyresveratrol.

5. Conclusions {#sec5}
==============

This study was clearly demonstrated the anti-inflammatory activities of MSE and a component of MSE, oxyresveratrol, by suppressing NO and PGE~2~ production in LPS-induced RAW 264.7 macrophage cells. In addition, their anti-inflammatory activities were confirmed by the inhibition of PGE~2~ production and COX-2 protein expression in IL-1β induced C28/I2 human chondrocyte cell line. Moreover, it was clearly shown that MSE and oxyresveratrol possessed the chondroprotective effect by inhibiting the MMP-13 production. Therefore, we suggest that MSE and oxyresveratrol show significant potential as an alternative treatment for reducing inflammation and cartilage degradation in OA patients.
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